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The recent cla y sediments in the middle Oslofjord and northern Skagerra k areas generall y show the 
following succession of geochemical en vironments downward s from the se dimen t-seawa t er interface :  a 
thin (0-5 cm) top o xic layer, a post-o xic zone (anoxic, nonsulfidic) wi t h  ni trate and manganese o xide 
reduction, and then the lowermost sulfidic zone with fre quent pyrite framboids . The upper part of the 
anoxic environments seems to be the locus of authigenic calcite growth on foraminifera tes t surfaces .  
Howe ver, these calcite rhombs are corroded together with the foraminiferous substratum with further 
burial, so the y are not preserved towards depth . The authigenic calcite rhombs are found in all the 
Skagerra k cores, but are missing or in small quantities in the Oslofjord cores. The associated pore waters 
are close to calcite sa turation, but t he Mg to Ca ratio is so high that one would ra ther e xpect dolomi te to 
form. Most probably,  howe ver, the dolomite formation is inhibited by surface poisoning species such as 
sulfate ions . The pore waters seem close to saturation with all the cla y minerals: chlorite, kaolinite , 
smectite and illite . 
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This study is a result of a cooperative program 
between the University of Oslo and the Universi
ty of Kiel to study the sedimentological processes 
in the Oslofjord and Skagerrak areas (Fig. l) 
(Pederstad et al. 1980, Rønningsland et aL 
1981). The principal objectives of this part of the 
study have been to evaluate the mineral stabili
ties and early diagenetic processes based on the 
interstital water chemistry and detailed mineral
ogical observations. 

Regional setting 

The Skagerrak area is a part of the north-west 
European sedimentary basin, bounded by south
em Norway, south-western Sweden, Denmark 
and the North Sea. The Oslofjord represents the 
northern continuation of the Skagerrak basin, as 
a wedge cutting into the Fennoscandian shield 
area. It forms part of the eastern border of the 
Oslo Region which mostly consists of Cambro
Silurian sedimentary rocks and Permo-Carbon
iferous plutonics and volcanics (Ramberg 1976). 

Bathymetric conditions 

Bathymetric maps of Skagerrak and Oslofjord 
are shown in Fig. l. Evidently the western part of 
the Skagerrak basin is dominated by the deep 

Norwegian Channel (Pratje 1952, Holtedahl 
1964). A characteristic feature of the Oslofjord 
area is the large num ber of deep basins separated 
by shallow thresholds (Richards 1973). 

Mineralogical characteristics 

The grain size distributions of the investigated 
�mples are shown in Table l, and the main 
mineralogy (Pederstad 1982) is summarized be
low. 

In the Skagerrak samples, the fractions coarser 
than 20 �-tm are characterized by a high content of 
quartz and smaller amounts of plagioclase, K
feldspar and carbonates with traces of chlorite 
and mica. Characteristically, both calcite and do
lomite are present together. The clay fraction 
consists mainly of smectite, illite, chlorite, kao
linite, feldspar and calcite. 

In the Oslofjord cores the coarse silt (20-63 
�-tm) and sand fractions contain more plagioclase 
and less K-feldspar, quartz and calcite than the 
material deposited in the inner part of Skager
rak. Dolomite was not detected. In addition, 
significant amounts of amphibole were observed. 

The clay fractions of the Oslofjord cores con
sist mainly of illite and chlorite, with minor 
amounts of smectite, feldspars and quartz. The 
highest plagioclase content in the clay sized rna-
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Fig. I. Bathymetric maps of the Oslofjord and Skagerrak 
areas with the locations of the investigated cores. 

terial has been found in the Oslofjord sediments. 
The mineralogical composition of the Holocene 
sediments thus shows an environment of more 
mature, resistant minerals in the Skagerrak area, 
which probably reflects that the sources are re
worked Mesozoic sediments from the North Sea 
and adjoining areas. No change in the mineral
ogy within one size fraction was observed 
throughout the core lengths. 

Sedimentation rates 

The well stratified sediments of the depression in 
the central Oslofjord, interpreted from penetrat-
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ing echo-sounding, generally show increasing 
sediment thickness from the sills towards the 
central basin areas, while the thresholds have 
thin sediment cover. 

The foraminiferal sequence below 4 m depth 
in core S 19 is characterized by the dominance of 
a cold water fauna (Aasgaard 1981 pers. comm.). 
We assume that these sediments were deposited 
about 10,000--10,400 years ago when the Weichsel 
glacier retreated from the middle part of Oslo
fjord to the north (Sørensen 1979). 

This gives an average sedimentation rate of 0.4 
mm/year for core S 19, which was taken from a 
threshold top at 79 m water depth. In core S 18 
taken from the adjoining basin centre at 183 m 
water depth, the samples above 215 cm have a 
pollen content which is younger than the picea 
invasion about 2000 radiocarbon years B.P. (K. 
Henningsmoen 1981 pers. comm.). This reflects 
an apparent accumulation of 1.1 mm/year. 

In the ioner Skagerrak region, however, the 
recent sedimentation rate is high compared to 
these values (S 18, S 19) or what can be expected 
in most parts of the Oslofjord. The natura! radio
active isotope Pb-210 has been analysed in the 
Skagerrak core S 11-2 and shows that the upper 
130 cm has been deposited over the last 100 to 
150 years. The detailed analysis gives an average 
sedimentation rate of about 9 mm/year of wet 
sediment (Erlenkeuser & Pederstad 1984). 

Sampling and experimental 
techniques 

Eleven cores were collected, five from the Oslo
fjord area and six from the northern part of 
Skagerrak (Fig. 1). The cores were obtained, 
using a gravity box-corer, during a cruise in De
cember 1978 with the research vessel 'Poseidon' 
from the University of Kiel (Thiede & Jørgensen 
1979). 

The interstitial waters were extracted from the 
sediments using a PVS 'squeezer' by pressure 
filtration through a pond filter no. 589 under an 
air pressure of 4 bar. The cores were stored in a 
clima room ( +4°C, 96% RH) a few days after 
the sampling, while two cores (S 19, S 20) were 
frozen and kept for nearly two months before 
further treatment. In all cases, the pore water 
was extracted from 2 to 5 months after sampling. 
The interstitial waters were conserved with O.l M 
HN03 in the ratio l : 4 ( except those selected for 
alkalinity determination). 
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Table l. Gra in s ize d istr ibut ions w hich s how t he var ia tions in we ig ht % of t he different s ize fract ions in n ine of t he in vest iga ted 
co res (Pederstad et al. in prep . ). 

Sample Water < 2�tm 
dept h (m) 

Oslofjord s 18  183 49- 64 
s 19 79 2& - 37 
s 20-1 61 39-4 6 

Skagerra k s 11-2 24 0 4 5- 49 
s 12-1 ? 41-4 7 
S 13 14 0 41-4 6 
s 14 97 45-51 
s 15 61 30- 50 
s 16 44 9 48- 52 

The pore water constituents determined by 
atomic absorbtion analysis were K, Na, Mg, Ca, 
Mn, Si, Sr, while pH and Eh were measured in 
situ in the sediment core in the la bora tory. In 
some cases Cl and alkalinity were also deter
mined. Cl was titrated with AgN03 using an Ag
sensitive electrode (Norwegian Standard 4727), 
and the alkalinity determined by potentiometric 
titration with standard acid (0.001 M HCl) where 
the equivalence point is taken out of graphical 
Gran plots (Edmond 1970). The alkalinity titra
tion was done one day after pore water extrac
tion on samples which had not been conserved 
with O.l M HN03. 

Our pH measurements were done at a tem
perature of 20oc with a reproducibility within 
±O.l pH-units in a procedure where extracted 
water is not exposed to open air. 

The crystal morphology and chemical compo
sition of the fraction 2-6 �-tm and foraminifera 
tests were studied by using the techniques of 
scanning electron microscope (SEM) and energy 
spectrometric analysis by X-rays (EDAX). A 
Scanning electron microscope with a solid state 
detector and a multichannel analyser with an 
operating voltage of 25 kV was used. 

Results 
Diagenetic changes 

The diagenetic processes within the Holocene 
sediments proceed somewhat differently in the 
Oslofjord and Skagerrak areas. In order to dis
cuss these postdepositional changes, data from 
two typical Skagerrak cores (S 11-2, S 16) and 

2--6 !lffi 6- 20 !lffi 20--6 3 !lffi > 63�tm 

19-28 7-14 3--7 0.6- 4 
15-24 15-26 10-26 2-19 
26- 31 20-23 6- 8  0.6-1 

16-19 20-24 10-13 0.3-- 2 
14- 20 18-20 13-- 21 0.3-- 2 
17- 20 21-23 14-16 1-2 
21-25 17-19 9-11 0. 7-1 
10-16 12-18 12-13 4- 35 
23-- 27 15-20 6- 7  0.6-1 

two Oslofjord cores (S 18, S 19) are presented 
below. 

Mineralogical data 

Scanning electron micrographs of the size frac
tion > 63 �-tm reveal that calcite precipitation on 
recent foraminifera is common in the Skagerrak 
sediments (see Fig. 2a). 

The authigenic calcite crystals show a steep 
rhombic habit with grain sizes in the 0.5-3 �-tm 
range and are distributed more or less evenly 
over the foraminifera surface. The calcite pre
cipitation in core S 11-2 appears to be at a maxi
mum in the uppermost 40 cm of sediments, ex
cept for the top sediment layer (0-2 cm), where 
no authigenic calcite formation occurs. Towards 
depth, however, both the authigenic calcite 
rhombs and the foraminifera tests themselves 
appear to be vulnerable to dissolution. The gen
eral trend indicated by the SEM micrographs is 
the following sequence of zones downward in the 
S 11-2 core sediment: the top 2 cm where no 
dissolution/precipitation occurs, then a 40 cm 
thick zone with authigenic calcite precipitation, 
and further below the zone where both the tests 
and the newly formed calcite rhombs dissolve to 
some extent. 

Normally the foraminifera tests of the Oslo
fjord sediments are strongly corroded (see Fig. 
2b). However, the top 0-2 cm of the S 19 core 
also has foraminiferas covered by calcite rhombs 
to some extent. 

X-ray diffractograms from foraminifera both 
with and without authigenic calcite overgrowth, 
show only one single calcite peak with a d (104) 
spacing of about 3.02Å. 

X-ray radiographs have been evaluated from 
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Fig. 2a. Scanning electron micrographs of foraminiferas in sediments from Skagerrak and Oslofjord cores. The depths below 
surface in Fig. 2a. (S 11-2, Skagerrak): A: 19-20 cm, B: 40-42 cm, C: 77-80 cm, D: 102-106 cm, E: 130-132 cm, F: 245-247 cm. In 
Fig. 2b (S 19, Oslofjord): A: 0-2 cm, B: 110-112 cm, C: 270-272 cm. The foraminifera from the Skagerrak reveal calcite 
precipitation outside the tests, but towards the depths both the calcite crystals and the foraminiferas appear to dissolve. SEM 
micrographs from core S 19 show strongly corroded specimens and only the surface sample calcite rhombs are observed. 

the cores. Linear pyritic structures and pyritic 
spherulites are recognized as found by Jørgensen 
et al. (1981). The upper limit of these structures 
in core S 11-2 seems to be 20 cm. Between 75 
and 173 cm the forms are more sharply outlined. 
Further below the pyritic concentrations are only 
abundant as linear forms. These authigenic min
eral formations are absent above 100 cm in core 
S 18. They are recognized more frequently 
downward in these sediments. In core S 19, how
ever, the structures are nearly absent. Very small 
and thin pyritic forms are present at the core 

intervals 50-109 cm and 243-255 cm. 
Pyrite framboids (as described by Berner 

(1979)) can be seen on SEM micrographs from 
core S 11-2 leve! 19-21 cm. 

Thermodynamic considerations require Eh to 
be less than -250 mV (at pH= 7.6) for sulfate 
ions to be unstable relative to bisulfide ions. The 
sulfate reduction, however, is a bacteria cata
lyzed reaction, and the kinetics of iron sulfide 
production depends upon such factors as the 
amount of sulfate available, reactive iron and 
metabolicable organic matter. The measured Eh 
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Fig. Ja. Interstitial water composition with pH and Eh measurements of sediments from core S 11-2 (Skagerrak). Sea water 
composition (Sverdrup et al. 1942) are shown for comparison. 

1000 1200 1400 1600 
5000 6000 7000 8000 10000 pm Na 

10 

o 
100 5 7 8 ppm Mn 

20 

60 
l 

,..., 100 
l ,x 

� t u 

(l_ 150 % l 
>- � o ' 

200 
� 
l 

250 
l 
� 
l 
l 

X 
l 

300 l 
X ' ' 

350 
' 

S r: • Mg:. K:& 10-8 10-7 +50 o -50 - 100 -150 

Ca:e Na: 6. H+:o [H+] Eh (mV) 

Fig. 3b. Interstitial water composition with pH and Eh measurements of sediments from core S 16 (Skagerrak). 



:l: 
:::. 
I ... 

292 K. Pederstad & P. Aagaard 

20 

40 
60 
60 

100 

120 

140 
160 
160 

� 200 
o 

2 20 

240 

260 
260 ' ' 

� 
300 ' ' 

�" 
320 

/r 340 
360 

10 20 30 40 p pm Sr. [W] 

NORSK GEOLOGISK TI DSSKRI Ff 4 (1985) 

ppm Mn 
2 4 6 8 10 12 14 16 18 20 22 

l 
xl 
l l l l 
' l 
l l l X l l l � l l l X l l l 

' l l l X 
l 
l l l X l l l 
� l l 

l 
� 

l l 

l l 
l l 

/ X' l 

Eh(mV) 

� l l l 
......... � 

+580--- o -50 -150 

Sr:• Mg:• Ca:e 
K: <�. Na: 6 H•:o 
Mn: X 

Fig. 4. Interstitial water composition from core S 18 (Oslofjord) . pH and E h  are measured in situ in t he sediments. 

values (Figs. 3 and 4) fall outside this field. The 
problems encountered in Eh measurements have 
been discussed by Presley & Trefry (1980) and 
Berner (1981). 

Pore water chemistry 

All the cores were stored for two to five months 
befare the pore waters were extracted, and, as 
known from the literature (Mangelsdorf et al. 
1969, Bishcoff et al. 1970, Fanning & Pilson 1971, 
Sholkovitz 1973, Murray et al. 1980), the pore 
water chemistry might change somewhat with the 
physical changes imposed on the core immediate
ly after sampling and from the subsequent stor
age. This is especially the case with pH. 

The measured pH values (Figs. 3, 4 and 5) fall 
in the range of 6.8 to 7.7 which is somewhat low 
compared with most reported data from marine 

sediments. Most probably these low pH values 
are caused by the degradation of organic con
stituents during storage. 

The titrated alkalinities from 10 samples are 
given in Table 2, and are in the range l to 9 
meqv/kg. No clear differences between the Oslo
fjord and Skagerrak areas can be seen from 
this number of samples. These values are fn ac
cordance with the alkalinity determined in pore 
water extracted one day after sampling in cores 
from the inn er part of the Oslofjord ( Abdullah & 
Reusch-Berg 1981). Fanning & Pilson (1971) 
found no consistent changes in alkalinities during 
a three month storage either. However, one 
would expect some alkalinity change to accompa
ny any pH decrease caused by organic degrada
tions. Thus, the measured alkalinity will be a 
maximum one. Storage and the immediate tem
perature increase after sampling might also have 
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Fig. 5. Interst it ial water co mpos it ion of the sed iments from core S 19 (Oslofjord) . 

affected the pore water concentration of ele
ments K, Mg, Ca and Si to some extent (Man
gelsdorf et al. 1969, Bischoff et al. 1970, Fanning 
& Pilson 1971, Sholkovitz 1973). However, such 
small relative changes, if indeed they took place 
at all in our samples, are not considered in the 
following discussion of the pore water distribu
tion of these elements. 

The interstitial water composition of typically 
Skagerrak and Oslofjord sediments is summa
rized in Table 3 and Figs. 3, 4 and 5, where they 
are related to the average sea water composition 
(Sverdrup et al. 1942). 

The bottom waters of both the Oslofjord and 
the Skagerrak are normal marine and show small 
deviations from average sea water. For the depth 

Table 2. Alkal in ity,  chlorinity and m ineral saturat ion ind ices (SI) calcula ted a t  25'C and l bar in pore wa ters from the Skagerra k 
and Os lofjord sed iments. 

Core nu mber Al kal i n i  t y  Chlorinity Calc ite Dol om ite Magnes ite Rh odo -
and depth (cm) mol/l  x 10-3 (mg/l) Sl, Slct Slm chros ite 

SI , 

s 11-2 - 22-25 1.86 19,300 - 0.40 O .o? 0.16 -1.41 
-200--203 2.53 19,100 - 0.34 0.37 0.41 - 3.04 

S13 - 4-9 8.78 20,200 0.30 1.4 6  0.86 - 2.01 
s l& - 25--30 7.96 18,800 0.13 1.12 0.68 -1.34 

125--130 3.52 19,700 0.06 1.08 0.71 -1.67 
185--190 6.43 19,200 0.13 1.41 0.97 -1.48 
355--360 1.01 19,400 - 0.94 - 0.4 5 0.18 - 3.09 

s 18 - lG--14 5.78 20,500 0.67 2.18 1.20 0.30 
- 45--47 5.66 18,100 0.57 2.00 1.13 0.23 
- 318--320 9.06 19,800 0.33 1.72 1.08 - 0.84 
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compositions are shown i Figs. 3a, b, 4 and 5 .  

interval of 200 m i Beiangen, Oslofjord, from 
where the studied cores were taken, the salinity 
varies little, lying between 34.65 and 35.06%o 
(Gade 1970) . But the variation increases towards 
the water surface where it may exceed 15%o. The 
chlorinity (Table 2) of pore waters from S 11-2 
(Skagerrak) ranges from 19,100 to 19,300 mg/kg, 
which agrees well with data reported from the 
Skagerrak waters (Svansson 1975). The Oslo
fjord core S 18 has a high Cl concentration of 
20 500 mg/kg in the sample from core level 10-14 
cm, which might have been caused by evapora
tion during storage. In the rest of the core the 
chlorinity varies from 18,100 to 19,800 mg/kg. 

Using Cl then as a conservative element, one 
can compare the ratios Ca/Cl and Mg/Cl with 
those of sea water. Core S 11-2 (Skagerrak) 
shows a definite enrichment in the Ca/Cl and Mg/ 
Cl in the 47 cm uppermost part. The top 15 cm of 
core S 18 (Oslofjord) on the other hand, is either 
equal to or depleted in the Ca and Mg concentra
tions relative to sea water. With further depth, 
however, the pore water of the studied cores 
( except S 19) show a deficiency of Ca, but an 
excess of Mg. 
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The pore water composition of the Skagerrak 
and Oslofjord sediments show some differences, 
as evident in Figs. 3, 4 and 5. In all cores from 
the Skagerrak the Ca concentration in the pore 
water decreases down through the core. Howev
er, relative to the supernatant water, the top part 
of the cores is all somewhat enriched in Ca. The 
depth of this top part of relative Ca-enrichment 
varies, and is 105 cm at the maximum in the 
Skagerrak cores. The Ca-gradient in the Oslo
fjord sediments is less steep: the S 19 core even 
shows an opposite gradient with increasing Ca
concentrations downwards. 

Because the Mg concentrations are rather con
stant through the cores, the Mg/Ca ratio shows 
an opposite trend compared with the Ca concen
tration. In S 11-2 (Skagerrak) the Mg/Ca in
creases downwards from 3.2 to 7 .4 and in S 18 
from 3.1 to 5 .1 .  Core S 19 on the other hand 
shows a general decrease downwards. 

These observed Mg/Ca ratios in the pore water 
have generally been considered too high for calcite 
precipitation to take place (Lippman 1973, Folk 
1974). Our data, however, suggest that authi
genic calcite might even grow at magnesium con
centrations of more than 0 .055 M. Lippman 
(1973) considered 0.01 M to be the upper limit 
for calcite precipitation at sedimentary tempera
tures and pressures. The calcite rhombs found in 
the top of the Skagerrak sediments are clearly 
authigenic in origin. However, the kinetic diffi
culties of forming dolomites are even more 
strongly influenced by surface poisoning anions 
such as S04-- as demonstrated by Baker & 
Kastner (1981) . 

The strontium to chloride ratio of the intersti
tial water exhibits a clear enrichment in the up
permost samples relative to the supernatant sea 
water . The strontium con tent of the pore water is 
strongly correlated with the calcium concentra
tion (see Fig. 6), and can for all the Oslofjord 
and Skagerrak cores be described with the equa
tion 

Sr = [0 .031] Ca + [5.374] 

where the brackets denote concentration in mg/ 
l. Apparently this relationship is caused by dis
solution/precipitation reactions in the cores. In S 
19, where the calcite rhombs show an increasing 
dissolution downwards in the core, both Sr and 
Ca increase with depth (Fig. 6c) . In contrast, in 
cores where calcite precipitation occurs (Fig. 6b), 
the pore water becomes more depleted in Sr and 
Ca downwards. 
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The sodium and potassium to chlorite ratios 
are less than those of average marine waters. No 
distinct trends appear through the cores. The Na/ 
Cl ratio has values from 0.452 to 0.543 (sea water 
0.556) and K/Cl varies between 0.0156 and 
0.0196 (sea water 0.020) in the few samples 
which have been analysed for Cl. 

The dissolved manganese distribution in the 
pore waters of the S 11-2 and S 18 cores are 
shown in Figs. 3a and 4. The Mn content de
creases rapidly with depth for both cores, but the 
concentrations are considerably higher in the 
Oslofjord core (S 18). This difference in concen
tration level is due to the well known behavior of 
Mn during weathering, transport and sedimenta
tion. Weathering processes give fine grained 
manganese oxide and hydroxide which are 
brought into the marine environment as colloids 
or adsorbed onto sediment particles. Most of 
these particles will be trapped in the nearshore 
areas. In this way, the Oslofjord basins will con
tain a lot more Mn than the Skagerrak areas 
which are both more distant and receive material 
from other sources. This will be true both for the 
pore water content and the amount attached to 
the solid phases (Pederstad 1982). The observed 
dissolved Mn distribution in both cores is in ac
cordance with the accepted model for postdepo
sitional remobilization of Mn (Price 1967, Doff 
1969), but requires a sink for manganese in the 
lower part of the cores. 

According to Klinkhammer (1<.180) the down
ward decrease in interstitial Mn may be due to 
precipitation of a carbonate phase. However, all 
our pore waters, with the exception of core S 18, 
are highly undersaturated with respect to rho
dochrosite (MnC03) (see Table 2), and the min
eral has not been detected in the sediments ei
ther. This carbonate has been observed as an 
authigenic phase in the inner Oslofjord (Doff 
1969). It is therefore uncertain what kind of Mn 
sink there is towards depth. Alabandite, (MnS), 
is a likely candidate, however, but its saturation 
level cannot be tested because no sulfide or bisul
fide ion activity has been measured. Part of the 
Mn dissolved during the Mn reduction probably 
diffuses upwards in the oxic surface layer. 

Discussions 
Equilibrium considerations 
The state of equilibrium between pore water and 
minerals in these recent sediments can be ana-
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K Na Mg Ca 

Sea water 380 10,561 1,272 400 
Pore water 
Skagerrak<1 > 

Mean (n= 10) 331 9,399 1,360 409 
St. dev. 27 319 83 55 

Skagerrak<2> 

Mean (n=41) 348 9,680 1,356 207 
St. dev. 24 518 150 81 

Oslofjord O> 

Mean (n =21) 375 9,406 1,355 424 
St. dev. 71 15 112 20 

Oslofjord<2> 

Mean (n =23) 349 9,285 1,318 407 
St. dev. 37 403 80 158 

Table 3. Composition of cations (mg/l) in sea water (Sverdrup 
et al. 1942) and in pore waters above 30 cmO> and below 100 
cm<2> depths. 

lyzed by aqueous activity diagrams. The activity 
of the various species in solution has been calcu
lated by a species distribution program (WAT
SPEC, Wigley 1977), white the activity diagrams 
are based on thermodynamic data given by Hel
geson et al. (1978). The stability fields of the 
illite and smectite group minerals (Fig. 7) are 
based on the compositional variation encoun
tered during these minerals in nature (Aagaard 
& Helgeson 1983), while the chlorite group is 
represented by the major component clino
chlore. 

Because of the uncertainties inherited in the pH 
values and also to some extent in the bicarbonate 
concentrations, it is difficult to be precise about 
the degree of saturation in the system. However, 
the general trend is clearly outlined in the activi
ty diagrams. 

Most of the pore water from the 10 samples 
analyzed for alkalinity show a general tendency 
towards equilibrium with calcite (Fig. 8 and Ta
ble 2). Only the lowermost sample from the S 16 
core (Skagerrak) seems to be more undersaturat
ed. Evidently, the finer details of calcite precipi
tation/dissolution as apparent on the SEM pic
tures (Figs. 2a, b) are lost in the activity diagram 
representation. 

The mineral saturation indexes for other car
bonates, also given in Table 2, generally show 
the pore waters to be supersaturated with respect 
to dolomite and magnesite. 

Even though alkalinity measurements are 
missing from the rest of pore water samples, the 
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log (aMg++/aH2 +) versus log (aca++/a2H+) plot in 
Fig. 7 depicts some general trends in the Mg, Ca
carbonate saturation. The partial pressure of car
bon dioxide determines here the saturation line 
of the carbonate minerals. It is noteworthy that 
the pore water generally seems to be dose to 
dolomite saturation, rather than in the calcite 
stability field. However, no dolomite seems to 
form in the sediments. The growth of calcite 
rather than dolomite must be because of kinetic 
reasons. The calcite precipitation in these sedi
ments is in the upper part of the column were 
sulfate reduction has not started or is still going 
on, which implies so4 -- concentrations in the 
same range as found in sea water. The formation 
of dolomite in this environment is most probably 
prevented by the poisoning action of adsorbed 
sulfate ions (Baker & Kastner 1981). 

The partial pressure of carbon dioxide is an 
unmeasured quantity for the data points present
ed in Fig. 8, but can reasonably be considered to 
be in the same range in all these sediments (com
pare with Table 2). Thus, as evident from Fig. 
7, the pore water in the Oslofjord sediments 
appears to be more saturated with respect to 
dolomite than that in the Skagerrak area. This is 
also in agreement with the dolomite saturation 
index values in Table 2. 

Equilibrium relations among the alumina 
silicates are depicted in Fig. 7 where it can be 
seen that the pore water seems to be dose to 
saturation with the day minerals in the sediment; 
chlorite, kaolinite, smectite and illite. These 
same mineral groups are known to be supplied 
from terrigenous sources, but there is still a pos
sibility of authigenic formation of minor amounts 
of, for example, smectite and chlorite. 

The overall diagenetic changes in the pore wa
ter composition can also be inferred from these 
diagrams. Compared with the original sea water 
composition (which is dose to that of the Oslo
fjord/Skagerrak area), the pore waters are char
acterized by: 

(l) An increase in aqueous silica, which is also 
common in other marine sediments. 

(2) A slight decrease in the activity ratios, aK+/ 
aH+> aNa+laH+ and aMg++/aH+

2
, which is 

consistent with a pH decrease. 

All the pore waters are supersaturated with re
spect to quartz, but undersaturated with respect 
to amorphous silica. 
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Fig. 8. Comparison of actual composition of sea water (Sverd
rup et al. 1942) and interstitial waters of sediments from Ska
gerrak and Oslofjord with respect to calcite saturation (1 bar). 
The activity of the species in solution has been calculated by a 
species distribution program (WATSPEC, Wigley 1977). 

Geochemical environments and diagenetic 
events 
The oxic-anoxic boundary must probably be 
within the sediments of the cores studied, be
cause no anoxic conditions have been found in 
the water column above (Gade 1970, Larsson & 
Rohde 1979). In the innermost part of the Oslo
fjord, however, this oxic-anoxic transition is 
known to take place in the bottom waters (Doff 
1969). The top oxic part of the sediments, which 
contains dissolved oxygen, is nowhere more than 
a few centimeters; this is evident from Figs. 3 and 
4 where the Mn

2+ 
concentration reaches a maxi

mum value just below the sediment water inter
face. By comparing the dissolved manganese 
profile with the upper limit of pyrite diagenesis in 
the S 11-2 and the S 18 cores, one will observe 
that the anoxic part of the sediments can be 
divided into two diagenetic zones. An upper 
part, which is characterized by a reduction of 
solid Mn(IV)-oxides into dissolved Mn

2+ 
but 

without any pyrite present, and a lower part with 
frequent diagenetic pyrite formation. The top 
zone may be termed post-oxic (Berner 1981) be
cause it is both anoxic and nonsulfidic. The thick
ness of the post-oxic zone is related to the 
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Fig. 9. Schematic representation of the diagenetic zones in 
cores S 11-2 (Skagerrak) and S 18 (Oslofjord) based on the 
amount of dissolved manganese and diagenetic pyrite. The 
diagenetic classification is according to Berner (1981). 

amount of Mn(VI)-oxide available. The Oslo
fjord sediments are rich in particulate Mn02 be
cause of the steady supply from the tributing 
rivers, while the more distant Skagerrak area 
receives a lot less. Thus, the post-oxic zone is 
only about 15-20 cm in the S 11-2 (Skagerrak) 
core, but 50-100 cm in the S 18 core (Oslofjord); 
the lower boundary he re is not well defined. 

Other oxydants also normally active in this 
zone include N03-, but we have no analytical 
data to show their contribution. 

The boundary between the post-oxic and the 
sulfidic zone beneath was interpreted by radio
graphically recognizable diagenetic pyrite struc
tures, but the sulfate reduction might well have 
started at a higher levet producing X-ray amor
phous sulfides or 'monosulfides' (Berner 1971). 
Most probably the sulfidic environment contin
ues down through the core length. The diagene
tic zones of cores S 11-2 and S 18 are schemati
cally summarized in Fig. 9. 

Authigenic calcite formation has been report
ed by Alexandersson (1974) within calcite nod
ules on the sea bed at shallow water depths in the 
Skagerrak west off Sweden. The calcite is found 
only within algae, and Alexandersson (1974) at
tributes this authigenic process to be of biogenic 
origin, because in dead organisms no calcite ce-
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mentation occurs. The authigenic calcite occur
rences presented in this communication, howev
er, seem to be the first reported to have taken 
place within the top sediments on the outer sur
face of foraminifera . 

The authigenic calcite formation in core S 11-2 
evidently takes place in the upper anoxic part 
(Fig. 9). Such a calcite growth in a carbon diox
ide producing environment poses a problem. 
Normally an increased C02 content is followed 
by calcite corrosion, as seems to be the case 
further down the core. The most commonly 
quoted cause of carbonate precipitation is de
gassing of C02 and/or an increase in pH. Large 
amounts of carbon dioxide are produced during 
degradation of organic matter (microbiologically 
mediated) in the early sediment diagenesis. One 
would expect degassing to be most effective in 
the uppermost part of the sediment column, 
where carbon dioxide can escape to the overly
ing waters. This would lead to precipitation of 
carbonate, which in our case is calcite. Carbon 
dioxide produced deeper in the sediments will 
not be able to escape, and might cause dissolu
tion of carbonates instead. Consequently, the 
newly formed calcite rhombs will, with further 
burial, corrode together with the foraminifera, 
and might not be preserved with depth. 

The sources of calcium in these authigenic cal
cites are either the sea water above, or dissolving 
carbonate fragments in the sediments them
selves. It is interesting to note that at the leve! 
where calcite rhombs are growing the foramini
ferous substratum does not appear to be cor
roded. Whatever the sources may be, the cal
cium will be transferred through the pore waters 
to the growing calcites. The Ca gradient in the 
two Skagerrak cores, S 11-2 and S 16 (Fig. 3a 
and 3b), and also to some extent in the Oslofjord 
core S 18 (Fig. 4), imply calcium transfer from 
the overlying bottom waters. The Oslofjord core 
S 19 (Fig. 5), on the other hand, clearly shows 
the opposite trend, with transport of calcium 
from the sediments ( dissolving carbonates) in to 
the sea water. The degree of calcite precipitation 
might depend on several factors; the amount and 
character of the sediment organic matter is prob
ably of importance. In this connection, the dif
ferences between the cores should be noticed. 
Core S 11-2 with considerable calcite formation 
had a high organic carbon content and a high 
sedimentation rate, while core S 19 with only 
minor authigenic calcite had lower organic car
bon values (Erlenkeuser & Pederstad 1984). 
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The mechanism proposed for recent calcite 
precipitation in the upper sediment column ap
plies well for the Skagerrak and Oslofjord sedi
ments, and might also work in similar sediments 
elsewhere. Only further detailed investigations 
will bear this out. 
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